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THERMAL BUBBLE TYPE ANGULAR
ACCELEROMETER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates to a thermal bubble type
angular accelerometer, and relates more particularly to a ther-
mal bubble type angular accelerometer that uses radio fre-
quency 1dentification, Bluetooth as well as zigbee technolo-
gies on the flexible substrate for communication and can be

manufactured using low temperature processes.

2. Description of the Related Art

Small angular accelerometers based on different measur-
ing principles have been developed to meet the requirements
ol measuring angular acceleration. One small angular accel-
erometer has an ingenious structure, such as a comb structure
or a vibratory structure, formed using a semiconductor wafer.
By measuring the change of parasitic capacitance or resonant
frequency during the rotation of the microstructures, the
angular velocity or the inclined angle of the microstructures
can be calculated. However, these microstructures always
deform when they are under the influence of force, resulting
in fatigue and aging. Therefore, the angular accelerometer
with such microstructures has a short lifespan.

Another type of angular accelerometer 1s configured to
measure an inclination angle by detecting the movement of a
thermal bubble. Such a thermal bubble accelerometer 1s usu-
ally built on a silicon wafer and uses a silicon dioxide layer to
support the heaters and the thermistors of the angular accel-
erometer. Because silicon dioxide has low thermal conduc-
tivity (1.5 W/(m-K)), heat transfer in the accelerometers 1s
adversely atfected so that the temperature of the lower portion
of a gas chamber 1s low, resulting in poor sensitivity of the
thermistors. In addition, the poor heat transter also atfects the
sensitivity of the thermistors i1n response to acceleration.
Thus, 1n order to increase the sensitivity, traditional acceler-
ometers need greater energy supply, increasing the working
temperature 1n the accelerometers. However, under high
working temperature, the silicon dioxide support for support-
ing the heaters and the thermistors may expand and shrink
when the accelerometer 1s turned on and off, resulting in
material fatigue and aging, reducing the lifespan of the accel-
erometer.

Furthermore, traditional accelerometers are filled with air
or volatile liquids used as a thermally conductive medium.
However, air contains oxygen, which may oxidize the heaters,
and 11 volatile liquid 1s used, the volatile liquids may chemi-
cally react with the components 1n accelerometers, lowering
theirr measurement accuracy after the accelerometers have
been operated for a while, and reducing the lifespan of the
accelerometers.

In summary, traditional angular accelerometers have short
lifespans due to their easily aged microstructures, and require
high temperature processes during manufacture, along with
other shortcomings such as high cost, high energy consump-
tion, material oxidation, aging, and low performance. There-
fore, a new angular accelerometer 1s required.

.

SUMMARY OF THE INVENTION

The present invention proposes an RFID, Bluetooth as well
as zighee based thermal bubble type angular accelerometer.
The thermal bubble type angular accelerometer 1s manufac-
tured on a flexible substrate so as to reduce the manufacturing,
cost. Furthermore, the thermal bubble type angular acceler-
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2

ometer and an RFID, Bluetooth as well as zigbee antenna are
integrally formed on the same substrate, facilitating conve-

nient use.

One embodiment of the present invention provides a ther-
mal bubble type angular accelerometer, which comprises a
flexible substrate, a base layer, at least one first cavity, and at
least one sensing assembly. The base layer 1s formed on the
flexible substrate. The at least one first cavity 1s formed on the
base layer. The at least one sensing assembly 1s suspended
over the at least one first cavity. The at least one sensing
assembly comprises a first heater and two first temperature
sensing elements, wherein the two first temperature sensing
clements are disposed substantially symmetrically on oppo-
site sides of the first heater, and the first heater and the two first
temperature sensing elements extend 1n a radial manner.

To better understand the above-described objectives, char-
acteristics and advantages of the present invention, embodi-
ments, with reference to the drawings, are provided for
detailed explanations.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described according to the appended
drawings 1n which:

FIG. 11s anillustrative view showing a system including an
RFID based multi-axis thermal bubble type angular acceler-
ometer according to one embodiment of the present mven-
tion;

FIG. 2 1s an illustrative view showing an RFID based
multi-axis thermal bubble type angular accelerometer
according to one embodiment of the present invention;

FIG. 3 1s an 1illustrative view showing a z-axis thermal
bubble type angular accelerometer according to one embodi-
ment of the present invention;

FIG. 4 demonstrates an equivalent circuit model for the
clectrical circuit formed by four temperature-sensing ele-
ments according to one embodiment of the present invention;

FIG. 51s a view showing a layout of a z-axis thermal bubble
type angular accelerometer according to one embodiment of
the present invention;

FIG. 6 1s an illustrative view showing an x-axis thermal
bubble type angular accelerometer according to one embodi-
ment of the present invention;

FIG. 7 1s a cross-sectional view along line A-A of FIG. 6;

FIG. 8 1s a top view showing a z-axis thermal bubble type
angular accelerometer formed on a flexible substrate and
having two rectangular covers according to one embodiment
of the present invention;

FIG. 9 1s a cross-sectional view along line B-B of FIG. 8;

FIG. 10 1s a cross-sectional view showing a z-axis thermal
bubble type angular accelerometer formed on a flexible sub-
strate and having a rectangular cover with a hemi-cylindrical
or hemi-spherical interior according to one embodiment of
the present invention;

FIG. 11 1s a cross-sectional view showing an x-axis thermal
bubble type angular accelerometer formed on a flexible sub-
strate and having two rectangular covers with a hemi-cylin-
drical interior according to one embodiment of the present
invention;

FIG. 12 1s a cross-sectional view along line C-C of FIG. 11;

FIG. 13 1s a top view showing an x-axis thermal bubble
type angular accelerometer formed on a flexible substrate and
having a rectangular cover with a hemi-spherical interior
according to another embodiment of the present invention;

FIG. 14 1s a cross-sectional view along line D-D of FIG. 13;

FIG. 15 1s a cross-sectional view showing an x-axi1s thermal
bubble type angular accelerometer including a heater and two
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temperature-sensing e¢lements suspended over a cavity
according to one embodiment of the present invention;

FI1G. 16 1s a top view showing a thin film resistor according,
to one embodiment of the present invention;

FI1G. 17 1s a cross-sectional view along line E-E of FI1G. 16;

FI1G. 18 15 a top view showing a thin film capacitor accord-
ing to one embodiment of the present imvention; and

FIG. 19 1s a cross-sectional view along line F-F of FIG. 18.

DETAILED DESCRIPTION OF THE INVENTION

The present invention discloses a thermal bubble type
angular accelerometer. The thermal bubble type angular
accelerometer 1s formed with the combination of the tech-
nique of manufacturing a thermal type angular accelerometer
on a flexible substrate and the technique of radio frequency
identification communication. Therefore, the thermal bubble
type angular accelerometer of the present ivention 1s conve-
nient to use and can be manufactured at low cost.

One aspect of the present mvention 1s that the support
member of the thermal bubble type angular accelerometer of
the present invention 1s manufactured of a material with high
thermal conductivity such as aluminum nitride or silicon
nitride. Particularly, aluminum nitride has thermal conductiv-
ity o1 160 to 320 W/(m-K), close to that of copper, which has
thermal conductivity of 400 W/(m-K). Comparatively, the
support member of a traditional accelerometer 1s made of
silicon dioxide having low thermal conductivity of 1.5
W/(m-K). Such low thermal conductivity causes the tem-
perature of the lower portion of the gas chamber to be low,
decreasing the sensitivity of thermal resistors to acceleration.
In order to increase the sensitivity required to detect accel-
eration, the temperature of the gas chamber needs to be
increased. Thus, more energy 1s consumed, and the heater 1n
the accelerometer may undergo rapid wear due to thermal
expansion and shrinkage caused when the accelerometer 1s
turned on and off.

Another aspect of the present invention 1s that after a low
pressure 1s induced into the sealed chamber 1n the angular
accelerometer, a high molecular weight noble gas such as
argon, krypton, and xenon 1s introduced into the chamber. As
a result, the sensitivity of the angular accelerometer can be
increased, and the oxidation and aging of heaters and thermal
resistors can be avoided. In comparison, traditional acceler-
ometers contain air or volatile liquids, which may oxidize
heaters and thermal resistors, causing deterioration and
reduced performance and lifespan of the heaters and thermal
resistors.

A third aspect of the present invention 1s that a p-type
amorphous silicon layer 1s formed from a mixed powder of
p-type impurity and silicon using an e-gun evaporation pro-
cess, and then the doped p-type amorphous silicon layer 1s
annealed using a laser to obtain a doped p-type poly-silicon
layer, which can be used as a thermistor or a resistor. No
method of manufacturing a doped p-type poly-silicon layer
on a flexible substrate at a low temperature has been previ-
ously proposed.

A fourth aspect of the present invention 1s that the thermal
bubble type angular accelerometer can be 1 combination
with a RFID, Bluetooth or zigbee wireless module on the
flexible substrate for monitoring the angular acceleration.

FI1G. 1 1s an illustrative view showing a system 100 1nclud-
ing an RFID based multi-axis thermal bubble type angular
accelerometer 102 according to one embodiment of the
present mvention. The system 100 of the present invention
includes a momtoring system 124, an RFID reader 122, and
an RFID based multi-axis thermal bubble type angular accel-
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crometer 102. The monmitoring system 124 can be connected
to the RFID reader 122, which uses radio frequency signals to
communicate with the RFID based multi-axis thermal bubble
type angular accelerometer 102. The RFID based multi-axis
thermal bubble type angular accelerometer 102 may include
an embedded system-on-chip unit 104, an oscillating module
106, an RFID antenna 108, a first angular accelerometer 110,
a second angular accelerometer 112, and a third angular
accelerometer 114. The embedded system-on-chip unit 104
includes a filtering module 117, a modulation/demodulation
module 116, a rectifying module 118, and an amplifying
module 120. The RFID antenna 108 1s configured to receive
radio frequency signals transmitted from an RFID reader 122,
or to send radio frequency signals to the RFID reader 122. The
RFID antenna 108 1s coupled to the modulation/demodula-
tion module 116, the rectifying module 118, and the oscillat-
ing module 106. In the present embodiment, the RFID
antenna 108 1s formed on a flexible substrate using micro-
clectro-mechanical system technology.

The modulation/demodulation module 116 1s configured
to demodulate the radio frequency signals from the RFID
reader 122, and to modulate the radio frequency signals to the
RFID reader 122. The modulation process 1s performed by
modulating signals on radio carrier waves so that the signals
can be transmitted wirelessly.

The rectitying module 118 1s configured to produce direct
current using the radio frequency signals received by the
RFID antenna 108. When the multiple-axis thermal bubble
type angular accelerometer 102 1s set to a passive mode, the
multiple-axis thermal bubble type angular accelerometer 102
1s driven by the direct current generated by the rectifying
module 118 receiving radio frequency signals. Generally, to
conserve power, the working mode 1s switched to the passive
mode from an active mode while no radio frequency signal 1s
being transmitted. The multiple-axis thermal bubble type
angular accelerometer 102 is activated when radio frequency
signals from the RFID reader 122 are recerved. If weak sig-
nals are received and radio frequency signals are to be trans-
mitted to the RFID reader 122, the active mode 1s selected.
Otherwise, the radio frequency signals are transmitted back to
the RFID reader 122 in the passive mode.

The amplitying module 120 1s configured to amplify elec-
trical signals generated by the first angular accelerometer
110, the second angular accelerometer 112, and the third
angular accelerometer 114. In the present embodiment, the
amplifying module 120 may be composed of a plurality of
instrumentation amplifiers. The mnstrumentation amplifier 1s a
conventional precise amplifier, and therefore detailed
descriptions are not presented here.

The filtering module 117 can be coupled to the first angular

accelerometer 110, the second angular accelerometer 112,
and the third angular accelerometer 114. The filtering module
117 1s configured to remove DC bias for obtaining the angle
variation in a short time. In the present invention, the filtering
module 117 can be a high pass filter.
The oscillating module 106 1s configured to provide the
embedded SOC unit 104 with a clock signal so as to drive the
embedded SOC unmit 104. The RFID based multi-axis thermal
bubble type angular accelerometer 102 may additionally
comprise a plurality of thin film resistors and a plurality of
thin film capacitors, wherein the plurality of thin film resistors
can be coupled to the amplifying module 120, thereby pro-
viding precise resistors to the amplifying module 120. Alter-
natively, the plurality of thin film resistors can be coupled
with some components so as to serve as different filters for
filtering noises to obtain angular acceleration signals.
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The z-axis angular accelerometer 110, the x-axis angular
accelerometer 112, and the y-axis angular accelerometer 114
can be coupled to the embedded system-on-chip unit 104.
Accordingly, the z-axis angular accelerometer 110, the x-axis
angular accelerometer 112, and the y-axis angular acceler-
ometer 114 can allow the embedded system-on-chip unit 104
to separately acquire z-, x-, and y-axis angular acceleration
measurements. By combining functions of the z-axis angular
accelerometer 110, the x-axis angular accelerometer 112, the
y-axis angular accelerometer 114, the RFID antenna 108, and
the modulation/demodulation module 116, the angular accel-
cration signals generated from the RFID based multi-axis
thermal bubble type angular accelerometer 102 can be trans-
mitted to the RFID reader 122 by wireless transmission so
that an angular acceleration monitoring system 124 may
obtain the angular acceleration signals from the RFID based
multi-axis thermal bubble type angular accelerometer 102 via
the RFID reader 122 and send the angular acceleration signals
to a monitoring center.

FIG. 2 1s an 1illustrative view showing an RFID based
multi-axis thermal bubble type angular accelerometer 1024
according to one embodiment of the present invention. Refer-
ring to FIGS. 1 and 2, on a flexible substrate 202, an RFID
antenna 108, a circuit 204 including an oscillating module
106, a z-axis angular accelerometer 110, an x-axis angular
accelerometer 112, and a v-axis angular accelerometer 114
can be formed using the micro-electro-mechanical system
technology, wherein the z-axis angular accelerometer 110
comprises a plurality of sensing assemblies 111, the x-axis
angular accelerometer 112 comprises a plurality of sensing
assemblies 113, and the y-axis angular accelerometer 114
comprises a plurality of sensing assemblies 115. The oscil-
lating module 106 comprises at least one thin film resistor 206
and at least one thin film capacitor 208. The circuit 204
comprises a plurality of sets of signal traces 210 respectively
coupling the z-axis angular accelerometer 110, the x-axis
angular accelerometer 112, and the y-axis angular acceler-
ometer 114 to the embedded system-on-chip unit 104. Each
set of signal traces 210 includes a positive signal trace, a
negative signal trace, and a ground trace. On the flexible
substrate 202, a connection mechanism for connecting an
external power source 212, for example a battery, can be
turther provided so that when the multi-axis thermal bubble
type angular accelerometer 102a operates 1n an active mode,
the power supply 1s suificient for such an operation.

In the present embodiment, the plurality of sensing assem-
blies 111 of the z-axis angular accelerometer 110 are dis-
posed on the tlexible substrate 202 and symmetrically relative
to the z-axis perpendicular to the x-axis and y-axis so that
when the flexible substrate 202 rotates around the z-axis, the
angular acceleration can be measured. The plurality of sens-
ing assemblies 113 of the x-axis angular accelerometer 112
are disposed symmetrically to the x-axis parallel to the sur-
face of the flexible substrate 202, thereby measuring the
angular acceleration of the flexible substrate 202 about the
x-axi1s. The plurality of sensing assemblies 115 of the y-axis
angular accelerometer 114 are disposed symmetrically to the
y-axis parallel to the surface of the tlexible substrate 202,
thereby measuring the angular acceleration of the flexible
substrate 202 about the y-axis. Although the present embodi-
ment demonstrates three angular accelerometers on the flex-
ible substrate 202, the present invention 1s not limited to such
a configuration. Other embodiments such as a single thermal
bubble type angular accelerometer formed on a flexible sub-
strate 202 or two angular accelerometers for measuring the
angular accelerations of two different axes are included 1n the
present invention.
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Referring to FIGS. 2 to 4, the thermal bubble type angular
accelerometer 1026 may comprise a plurality of sensing
assemblies 111 surrounding and disposed substantially equi-
distant from the z-axis perpendicular to the drawing sheet.
Each sensing assembly 111 includes a heater (214a or 2145)
and two temperature sensing elements (R1, R2) or (R3,R4)),
wherein the heater (214a or 2145) and the temperature sens-
ing clements ((R1, R2) or (R3, R4)) are configured to sur-
round the z-axis, substantially equidistant from the z-axis,
and extend radially relative to the z-axis. The temperature-
sensing elements (R1, R2, R3, and R4) can be connected
according to the following exemplary description. The tem-
perature-sensing elements (R1 and R2) and the temperature-
sensing elements (R3 and R4) are respectively connected at
connections A and B connecting to a chip unit for power
supplying. The temperature- sensing elements (R1 and R2)
and the temperature- sensing elements (R3 and R4) between
the Sensmg assemblies 111 are connected in a manner such
that 1n a direction of rotation about the z-axis, the tempera-
ture-sensing element, located upwind, 1n one sensing assem-
bly 1s serially connected to the temperature-sensing element,
located downwind, 1n another sensing assembly. For
example, 1n the counter-clockwise direction of rotation about
the z-axis, the upwind temperature-sensing element R1 1s
serially connected to the downwind temperature-sensing ele-
ment R4, and an electrical detection test point 220 1s formed
between them; and the upwind temperature-sensing element
R3 1s serially connected to the downwind temperature-sens-
ing element R2, and an electrical detection test point 221 1s
formed between them. As aresult, adouble difference Wheat-
stone bridge 218 as shown 1n FIG. 4 can be obtained.

When the sensing assemblies 111 rotate about the z-axis,
the resistance of the upwind temperature-sensing elements
(R1, R3) may change due to engagement with higher tem-
perature environmental gas. As a result, a differential output
voltage between the electrical detection test points 220 and
221 of the double difference Wheatstone bridge 218 may be
generated By measuring the differential output voltage, the
7-ax1s angular acceleration can be determined, and the angu-
lar velocity and the rotational angle can be calculated by
integration. Because the variation of the resistance 1s propor-
tional to the angular acceleration, the thermal bubble type
angular accelerometer 1025 can be applied for measuring
angular acceleration.

Referring to FI1G. 5, the plurality of sensing assemblies 111
are disposed on the X-Y plane perpendicular to the z-axis.
The plurality of heaters 214 and the plurality of temperature
sensing elements 217 are disposed to surround the z-axis and
be equally separated from the z-axis, and configured to extend
in a radial manner. In other words, using the sensing assembly
111 as an example, the temperature sensing element 217
includes two ends 125 and 127 for connecting externally, and
the temperature sensing elements 217 are symmetrically dis-
posed relative to the heater 214 so that the heater 214 and the
temperature sensing elements 217 can extend through an
origin point of intersection as shown 1n FIG. 5. In the present
embodiment, the point of itersection can be on the z-axis.
The peripheral area of the sensing assemblies 111 can be
provided with a plurality of contact pads 129, and the ends
125 and 127 of the heaters 214 and the temperature sensing
clements 217 can electrically connect to the contact pads 129
in a corresponding manner.

Referring to FIGS. 6 and 7, the plurality of sensing assem-
blies 113 can be substantially symmetrically disposed rela-
tive to the x-axis and on the flexible substrate 202, wherein
cach sensing assembly 113 may be, but 1s not necessarily,
clongated 1n a direction perpendicular to the x-axis. Each
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sensing assembly 113 can be suspended over a cavity 310'and
includes a heater 214 and two temperature sensing elements
217. The heater 214 and the two temperature sensing ele-
ments 217 are arranged along a direction parallel to the z-axis,
wherein the two temperature sensing elements 217 are dis-
posed symmetrically relative to the heater 214. The tempera-
ture sensing elements 217 of two oppositely-disposed sensing,
assemblies 113 can be connected to form a double difference
Wheatstone bridge as mentioned above. From the electrical
detection test points, the differential output voltage produced
by the rotation about the x-axis can be obtained. Similarly,
relative to the y-axis, a plurality of sensing assemblies can be
disposed for measuring the angular acceleration about the
y-ax1s in a manner similar to that shown in the embodiment of
FIG. 6, wherein the heaters of the plurality of sensing assem-
blies are disposed symmetrically relative to the y-axis, and the
temperature sensing elements of the plurality of sensing
assemblies are disposed symmetrically relative to the y-axis,
and the heater and the temperature sensing elements in a
sensing assembly are disposed in a stacking manner. The
heaters and the temperature sensing elements of the sensing,
assemblies can be elongated 1n a direction perpendicular to
the y-axis.

Referring to FIGS. 8 and 9, the z-axis thermal bubble type
angular accelerometer 102¢ can be manufactured using the
method disclosed 1 Taiwan Patent Application No.
098127348. The manufacturing method has already been
described and 1s not reiterated here. The thermal bubble type
angular accelerometer 102¢ may include a tlexible substrate
202, a base layer 308, a plurality of cavities 310, and a
plurality of sensing assemblies 111. The base layer 308 1s
disposed on the flexible substrate 202, including a surface
316. The plurality of cavities 310 are disposed on the surface
316 of the base layer 308, and surround the z-axis. The plu-
rality of sensing assemblies 111 are suspended over the
respective cavities 310 and are substantially equally spaced
along the x-axis. The substantially equal distance may be
measured from a corresponding location on the plurality of
sensing assemblies 111 to the z-axis, and the corresponding
location may be, for example, one end portions or the central
points of the heaters 214 and the temperature sensing ele-
ments 217.

Each sensing assembly 111 includes a heater 214 and two
temperature sensing elements 217. Each of the heater 214 and
the temperature sensing elements 217 1s suspended over the
respective cavity 310 using a support member 322, wherein
the support member 322 1s configure to span over the cavity
310 and 1includes aluminum nitride or silicon nitride. Because
aluminum nitride has thermal conductivity of 160 to 320
W/(m-K), which 1s close to that of copper having thermal
conductivity of 400 W/(m-K), the temperature of the lower
portion of the gas chamber of the thermal bubble type angular
accelerometer 102¢ can be increased, and the sensitivity of
the temperature sensing elements 217 may be improved. In
another embodiment, because hydrofluoric acid builer solu-
tion does not etch silicon nitride and can be easily applied in
processes, silicon nitride can be used to replace the aluminum
nitride for supporting the heaters 214 and the temperature-
sensing elements 217. However, silicon nitride has a thermal
conductivity coetlicient (about 35 W/(m-K)) that 1s lower
than that of aluminum nitride (about 160 to 320 W/(m-K)),
but lhugher than that of the traditionally used silicon dioxide
(about 1.5 W/(m-K)).

A cover 350q 1s disposed over the respective cavity 310,
covering the heaters 214 and the temperature-sensing ele-
ments 217. The cover 350a can be sealed using an adhesive
348 1n an airtight manner. The adhesive 348 can be provided
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using a screen-printing method. After the adhesive 348 1s
dried and a low pressure 1s induced into the cavity 310, a high
molecular weight noble gas such as argon, krypton or xenon
1s then introduced for increasing the sensitivity of the angular
accelerometer 102¢ and avoidance of oxidation and deterio-
ration of the heaters 214 as well as the temperature sensing
clements 217.

In particular, the temperature sensing element 217 may
include a doped p-type poly-silicon layer, which 1s formed by
annealing a p-type amorphous silicon layer obtained from
depositing a mixed powder of p-type impurity and silicon
using an e-gun evaporation process. The doped p-type poly-
silicon layer can be used to manufacture thermistors 324 or
resistors. The method can be used to manufacture a doped
p-type poly-silicon layer 324 on a flexible substrate at a low
temperature and has not been previously proposed. The tem-
perature sensing element 217 may have an outline configu-
ration such as a straight shape, or a zigzag shape.

The heater 214 may include a chrome layer 332 and a
nickel layer 334, wherein the chrome layer 332 and the nickel
layer 334 can be vapor-deposited using an e-gun. The heater
214 can have an outline configuration such as a straight shape,
or a zZigzag shape.

Referring to FIGS. 8 and 9 again, the thermal bubble type
angular accelerometer 102¢ may further comprise an RFID
antenna 108, an embedded system-on-chip unit 104, and a
circuit (not shown). The RFID antenna 108 1s formed on the
flexible substrate 202. The embedded system-on-chip unit
104 1s disposed on the flexible substrate 202, connecting to
the RFID antenna 108. The circuit 1s formed on the flexible
substrate 202 for electrically imterconnecting components 1n
the thermal bubble type angular accelerometer 102¢ and for
adjusting the performance of the components. The circuit
may include a plurality of conductive traces and bonding
pads. The RFID antenna 108 and the circuit may separately
comprise a gold layer, a chrome layer, and a nickel layer,
wherein the chrome layer and the nickel layer can be formed
using an e-gun evaporation process, and the gold layer can be
tformed on the nickel layer by an electroless plating process.
Due to 1ts good adhesion property and low resistivity, gold 1s
a suitable material for the RFID antenna 108, the conductive
traces, and the pads. The embedded system-on-chip unit 104
can be tlip-chip bonded onto the feeding terminals of RFID
antenna 108 using a thermal compression method.

Referring to FIG. 10, in another embodiment, the sensing
assembly 111 can be sealed with a cover 3505 having a
hemi-cylindrical or hemi-spherical interior, which may facili-
tate the temperature distribution and facilitate the sensing
assembly 111 to quickly reach a steady state temperature
without causing turbulent flow. As a result, the response time,
accuracy of angular acceleration measurement, linearity, and
range of the measurement of the angular accelerometer 102¢
can be improved. The cover 35056 has to have a rectangular
planar surface, on which a trademark, a product name, a
production serial number, and a production date can be easily
printed.

Referring to FIGS. 11 and 12, another embodiment of the
present invention proposes a thermal bubble type angular
accelerometer 1024, which includes a flexible substrate 202,
a base layer 308, a plurality of cavities 310", and a plurality of
sensing assemblies 111. The base layer 308 1s disposed on the
flexible substrate 202, including a surface 316. The plurality
of cavities 310" are disposed on the surface 316 of the base
layer 308, and are located on opposite sides relative to the
x-axis parallel to the surface 316. The plurality of sensing
assemblies 111 are suspended over the respective cavities
310" and are arranged 1n a symmetrical manner relative to the
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x-axi1s. Each sensing assembly 111 includes a heater 214 and
two temperature sensing elements 217 disposed on opposite
sides of the heater 214. The heater 214 and the two tempera-
ture sensing elements 217 are disposed along the z-axis 1n a
stacking manner. Fach of the heater 214 and the temperature
sensing elements 217 1s suspended over the respective cavity
310" using a support member 322, wherein the support mem-
ber 322 1s configure to span over the cavity 310" and includes
aluminum nitride or silicon nitride. A cover 350c¢ 1s disposed
over the respective cavity 310", covering the heaters 214 and
the temperature-sensing elements 217. The cover 350c¢ can be
sealed using an adhesive 348 1n an airtight manner. A high
molecular weight noble gas such as argon, krypton or xenon
1s introduced 1nto the cavity 310",

Referring to FIGS. 11 and 12, the thermal bubble type
angular accelerometer 1024 may further comprise an RFID
antenna 108, an embedded system-on-chip unit 104, and a
circuit (not shown). The RFID antenna 108 1s formed on the
flexible substrate 202. The embedded system-on-chip unit
104 1s disposed on the flexible substrate 202, connecting to
the RFID antenna 108. The circuit 1s formed on the flexible
substrate 202 for electrically mterconnecting components 1n
the thermal bubble type angular accelerometer 1024 and for
adjusting the performance of the angular accelerometer and
the other components. The circuit may include a plurality of
conductive traces and bonding pads.

Referring to FIG. 13, 1n another embodiment, the sensing
assembly 111 can be sealed with a cover 3504 having a
hemi-spherical interior, which may facilitate the temperature
distribution and facilitate the sensing assembly 111 to quickly
reach a steady state temperature without causing turbulent
flow. FI1G. 14 1s a cross-sectional view along the DD line of
FIG. 13 showing an RFID card integrated with an x-axis
thermal bubble type angular accelerometer having a rectan-
gular cover with a hemi-spherical mterior according to one
embodiment of the present invention. By the way FIG. 14 can
also be applied for an x-axis thermal bubble type angular
accelerometer having a rectangular cover with a hemi-cylin-
drical interior according to one embodiment of the present
invention.

Referring to FIG. 15, in the embodiments of FIGS. 11 to
14, the heaters 214 and the temperature sensing elements 217
are arranged 1n a stacking manner. The method of manufac-
turing the stacked heaters 214 and temperature sensing ele-
ments 217 includes alternating formation of the chrome layer
332, the nickel layer 334, the support member 322, the silicon
nitride layers 701 to 706 and the silicon dioxide sacrificial
layers disposed between the heater 214 and the temperature-
sensing elements 217, such that a vertically stacked sandwich
structure 1s obtained, wherein each of the silicon nitride layers
701 to 706 surrounds the respective gas chamber cavity 310
and 1s configured as a support layer.

A plurality of solder pads 501 to 506 each including gold,
nickel, and chrome layers can be formed around the gas
chamber cavity 310' for wire bonding with gold wires 801 to
806 connecting the pads 602 and 605 of the heater 214 and the
pads 601, 603, 604, and 606 of temperature-sensing elements
217 to the peripheral pads 501 to 506 as shown 1n FIG. 15. In
order to reduce the wire loop heights of the gold wires 801 to
806 connecting the pads of the heater 214 and the tempera-
ture-sensing elements 217, gold wires are first bonded to the
pads 501 to 506 on the substrate 202, and then bonded to the
pads 601 to 606 of the heater 214 and the temperature-sensing,
clements 217 during the wire-bonding process. After the
wire-bonding process 1s completed, adhesive 384 1s applied
to cover the gold wires 601 to 606 for protection. The silicon
dioxide sacrificial layer 1s then removed using buffered HF
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solution or the plasma-etching process 1s performed using an
etching gas, for example, SF, so that the heater 214, the
upper and lower temperature-sensing elements 217, and the
aluminum nitride support member 322 can be suspended over
the cavity 310"

Referring to F1IGS. 2,16, and 17, the circuit 204 includes a
plurality of thin film resistors 206. The thin film resistor 206
may include a curved portion 364 in zigzag form so that the
thin film resistor 206 requires less substrate area. In one
embodiment, the thin film resistor 206 may 1include a chrome
layer and a nickel layer. In another embodiment, the thin film
resistors 206 may include doped p-type poly-silicon. A thin
f1lm resistor 206 made of doped p-type poly-silicon can have
a wider range of resistance. Therefore, the selection of the
material of a thin film resistor 206 may depend on the required
resistance of the thin film resistor 206 and the limitation of the
available substrate area. After the curved portion 364 1s com-
pleted, metal pads 366 are respectively formed on the end
portions of the curved portion 364, and the manufacture of the
thin film resistor 206 1s finished after the metal pads 366 are
completed.

Referring to FIGS. 2, 18, and 19, the thin film resistor-
capacitor module 208 may include a lower electrode 370
made of doped p-type poly-silicon and an upper electrode 378
including a chrome layer 372, a nickel layer 374, and a gold
layer 376. Gold layers 380 connecting the upper and lower
clectrodes 370 and 378 are adopted for external electrical
connection. A silicon nitride layer 382 or a layer made of high
dielectric materials can be formed between the lower elec-
trode 370 and the upper electrode 378 for electrical 1nsula-
tion. The thin film capacitor 208 can be coupled to the RFID
antenna 108 for adjusting the resonant frequency and can also
be configured for filtering power and signals.

In addition, the present invention has five aspects:

The first aspect 1s that the angular accelerometer 1s manu-
factured on a flexible substrate, not on a silicon substrate;

the second aspect 1s that an active RFID antenna 1s inte-
grally formed on the flexible substrate;

the third aspect 1s that the material of a support member
used for supporting heaters and temperature-sensing ele-
ments 1s aluminum nitride;

the fourth aspect 1s that the interior of a cover 1s hemi-
cylindrical or hemi-spherical; and the fifth aspect is that the
gas 1in the chamber of the angular accelerometer 1s a high
molecular weight noble gas such as argon, krypton, and
Xenon.

With regard to the above first and third aspects, traditional
capacitive accelerometers or thermal bubble type accelerom-
eters are manufactured on silicon wafers, and use silicon
dioxide support so that high temperature processes are
required. Further, the traditional capacitive accelerometers or
traditional thermal bubble accelerometers use silicon sub-
strate having a thermal conductivity coetlicient higher than
that of the flexible substrate. The flexible substrate, which can
be made of plastics such as PET (polyethylene terephthalate)
or PI (polyimide), 1s adopted by the angular accelerometer of
the present invention so that the angular accelerometer of the
present invention may perform better 1n saving energy than
the traditional accelerometers. The support members 1n the
angular accelerometer of the present invention are made of
aluminum nitride or silicon nitride, which has a thermal con-
ductivity coelficient higher than that of silicon dioxide used
tor the support members 1n traditional accelerometers. There-
fore, compared to the traditional accelerometers, the angular
accelerometer of the present invention can use less electrical
energy and have better sensitivity. In particular, the sealing
cover may have a hemi-cylindrical or hemi-spherical interior
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such that the gas temperature may quickly be stabilized and
cause no turbulent flow. Therefore, the response time, accu-
racy ol angular acceleration measurement, linearity, and
range of the measurement of the angular accelerometer can all
be improved.

While for the fifth aspect, by using the high molecular
welght noble gas, the sensitivity of the angular accelerometer
can be increased, and the oxidation and aging of heaters and
thermal resistors can be avoided. In comparison, traditional
accelerometers contain air or volatile liquids, which may
oxidize heaters and thermal resistors, causing deterioration
and reduced performance and lifespan of the heaters and
thermal resistors.

By the way the aforementioned RFID based thermal
bubble type angular accelerometer can also be combined with
the Bluetooth or zighee wireless module on the flexible sub-
strate for monitoring the angular acceleration. Although the
above embodiments of the present invention only demon-
strate using a RFID module with a thermal bubble type angu-
lar accelerometer, however Bluetooth or zigbee wireless
module can be also applied 1n similar way. Therefore, the
embodiments for Bluetooth or zigbee wireless module are
omitted to avoid redundancy.

The above-described embodiments of the present mven-
tion are intended to be illustrative only. Numerous alternative
embodiments may be devised by persons skilled in the art
without departing from the scope of the following claims.

What 1s claimed 1s:
1. A thermal bubble type angular accelerometer, compris-
ng:
a flexible substrate;:
a base layer formed on the flexible substrate and including
a surface;
at least one first cavity formed on the surface; and at least
one sensing assembly suspended over the at least one
first cavity, the at least one sensing assembly compris-
ng:
a first heater; and
two first temperature sensing elements disposed sub-
stantially symmetrically on opposite sides of the first
heater, wherein the first heater and the two first tem-
perature sensing elements extend 1n a radial manner.
2. The thermal bubble type angular accelerometer of claim
1, further comprising: a plurality of first cavities; and a plu-
rality of first sensing assemblies disposed around a first axis
perpendicular to the surface and equidistant from the first
axis, the plurality of first sensing assemblies correspondingly
suspended over the plurality of first cavities, wherein the first
heater and the two first temperature sensing elements of each
first sensing assembly extend radially relative to the first axis.
3. The thermal bubble type angular accelerometer of claim
2, turther comprising: an embedded system-on-chip unit dis-
posed on the flexible substrate, including a modulation/de-
modulation module; and an RFID antenna formed on the
flexible substrate, coupled to the modulation/demodulation
module; wherein the plurality of first sensing assemblies
comprise two interconnected first sensing assemblies, and the
first temperature sensing elements of the two interconnected
first sensing assemblies are connected to form a first Wheat-
stone bridge circuit coupled to the embedded system-on-chip
unit such that the embedded system-on-chip unit calculates a
value of the angular acceleration about the first axis based on
voltage difference across the first Wheatstone bridge circuit,
and the value of the angular acceleration about the first axis 1s
modulated and coded by the modulation/demodulation mod-
ule and sent using the RFID antenna.
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4. The thermal bubble type angular accelerometer of claim
3, further comprising;:

a plurality of second cavities formed on the surface and
disposed on opposite sides of a second axis parallel to
the surface; and

a plurality of second sensing assemblies correspondingly
suspended over the plurality of second cavities and dis-
posed symmetrically relative to the second axis, each
second sensing assembly comprising:

a second heater; and

two second temperature sensing elements, wherein the
second heater and the two second temperature sensing
clements are arranged along a direction parallel to the
first axis, and the two second temperature sensing
clements are disposed symmetrically relative to the
second heater; wherein the plurality of second sensing
assemblies comprise two oppositely disposed second
sensing assemblies and the second temperature sens-
ing elements of the two oppositely disposed second
sensing assemblies are connected to form a second
Wheatstone bridge circuit coupled to the embedded
system-on-chip unit such that the embedded system-
on-chip unit calculates a value of the angular accel-
eration about the second axis based on voltage differ-
ence across the second Wheatstone bridge circuit, and
the value of the angular acceleration about the second
axis 1s modulated and coded by the modulation/de-
modulation module and sent using the RFID antenna.

5. The thermal bubble type angular accelerometer of claim

4, wherein the second heater and the two second temperature
sensing elements extend substantially perpendicular to the
second axis.

6. The thermal bubble type angular accelerometer of claim

4, further comprising:

a plurality of third cavities formed on the surface of, and
disposed on opposite sides of, a third axis parallel to the
surface, wherein the third axis 1s perpendicular to the
first and the second axis; and

a plurality of third sensing assemblies correspondingly
suspended over the plurality of third cavities and dis-
posed symmetrically relative to the third axis, each third
sensing assembly comprising:

a third heater; and
two third temperature sensing elements, wherein the
third heater and the two third temperature sensing
clements are arranged along a direction parallel to the
first axis, and the two third temperature sensing ele-
ments are disposed symmetrically relative to the third
heater; wherein the plurality of third sensing assem-
blies comprises two oppositely disposed third sensing
assemblies and the third temperature sensing ele-
ments of the two oppositely disposed third sensing
assemblies are connected to form a third Wheatstone
bridge circuit coupled to the embedded system-on-
chip unit such that the embedded system-on-chip unit
calculates a value of the angular acceleration about
the third axis based on voltage difference across the
third Wheatstone bridge circuit, and the value of the
angular acceleration about the third axis 1s modulated
and coded by the modulation/demodulation module
and sent using the RFID antenna.

7. The thermal bubble type angular accelerometer of claim

6, wherein the third heater and the two third temperature
sensing elements extend substantially perpendicular to the
third axis.

8. The thermal bubble type angular accelerometer of claim

6, wherein the RFID antenna comprises a chrome layer, a
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nickel layer, and a gold layer, wherein the gold layer 1s formed
on the chrome layer and nickel layer using an electroless
plating process.

9. The thermal bubble type angular accelerometer of claim
6, wherein the first, second, and third heaters comprise nickel
and chrome.

10. The thermal bubble type angular accelerometer of
claim 6, further comprising a high molecular weight noble
gas and a plurality of covers disposed to cover the plurality of
first, second, and third cavities to seal the high molecular
weight noble gas within the first, second, and third second
cavities, respectively.

11. The thermal bubble type angular accelerometer of
claim 10, wherein the high molecular weight noble gas 1s
argon, krypton, or xenon.

12. The thermal bubble type angular accelerometer of
claim 6, further comprising a plurality of support members
cach disposed below the respective one of the first heaters, the
first temperature sensing elements, the second heaters, the
second temperature sensing elements, the third heaters, and
the third temperature sensing elements, the support members
spanning over respective one of the first, second and third
cavities.

13. The thermal bubble type angular accelerometer of ,

claiam 12, wherein the material of the support member is
aluminum nitride or silicon nitride.

14. The thermal bubble type angular accelerometer of
claim 6, wherein each of the first, second, and third tempera-

ture-sensing elements comprises doped p-type poly-silicon X

tformed by E-beam evaporation and laser annealing.

15. The thermal bubble type angular accelerometer of
claim 6, turther comprising an oscillating module formed on
the flexible substrate and coupled to the embedded system-
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on-chip unit for provision of a clock signal to the embedded
system-on-chip unit, wherein the embedded system-on-chip
unit 1s connected with at least one first thin film resistor and at
least one thin film capacitor.

16. The thermal bubble type angular accelerometer of
claim 15, further comprising a second thin film resistor,
wherein the embedded system-on-chip unit further comprises
an amplifying module coupled to the second thin film resistor.

17. The thermal bubble type angular accelerometer of
claim 16, wherein the at least one thin film capacitor com-
prises a lower electrode, an upper electrode, and a dielectric
layer disposed between the lower electrode and the upper
electrode, wherein the at least one first thin film resistor and
the second thin film resistor are made of doped p-type poly-
s1licon, and the upper electrode comprises a chrome layer, a

> nickel layer, and a gold layer.

20

18. The thermal bubble type angular accelerometer of
claim 16, wherein the amplifying module comprises a plural-
ity ol istrumentation amplifiers.

19. The thermal bubble type angular accelerometer of
claim 6, further comprising a rectitying module electrically
coupled to the RFID antenna and configured to produce direct
current using a radio-frequency signal.

20. The thermal bubble type angular accelerometer of

claim 1, wherein the material of the flexible substrate 1s poly-

5 ethylene terephthalate or polyimide.

21. The thermal bubble type angular accelerometer of
claim 1, wherein the base layer includes a photoresist layer.
22. The thermal bubble type angular accelerometer of
claim 1, further in combination with a wireless module on the

0 flexible substrate for monitoring the angular acceleration,

wherein the wireless module using BLUETOOTH or ZI1G-
BEE communication protocol.
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